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Optical cavity cooling of mechanical resonators has recently become a research frontier [1–3]. The
cooling has been realized with a metal-coated silicon microlever via photo-thermal force [4] and
subsequently with dielectric objects via radiation pressure [5–7]. Here we report cavity cooling with
a crystalline semiconductor membrane via a new mechanism, in which the cooling force arises from
the interaction between the photo-induced electron-hole pairs and the mechanical modes through
the deformation potential coupling. The optoelectronic mechanism is so efficient as to cool a mode
down to 4 K from room temperature with just 50 µW of light and a cavity with a finesse of 10
consisting of a standard mirror and the sub-wavelength-thick semiconductor membrane itself. The
laser-cooled narrow-band phonon bath realized with semiconductor mechanical resonators may open
up a new avenue for photonics and spintronics devices.
The first experimental demonstration of the cavity
back-action cooling utilized the photo-thermal (bolomet-
ric) force to cool a gold-coated silicon microlever [4]. The
force results from the differential thermal expansion be-
tween the silicon lever and the gold film and the time
lag is provided by the time needed to diffuse the thermal
energy along the lever [4, 8]. Another cooling mechanism
based on the radiation pressure force with dielectric ob-
jects [5–7] has recently become the mainstream approach
with a potentail to reach the oscillator ground state [1–
3]. With this approach the vibrational mode temperature
reduction by up to a factor of 4,000 has been demon-
strated [9]. Cooling down to the ground state via radi-
ation pressure requires a high-finesse cavity and its ex-
perimental realization has been hindered by the difficulty
to achieve good mechanical qualities and low-loss optical
properties on a micro- or nanometer scale simultaneously.
A way to mitigate this dilemma by separating optical and
mechanical functionalities in the so-called membrane-in-
the-middle approach has been demonstrated [10, 11].
Applying the cavity cooling method to semiconductors
offers interesting prospects. In optoelectronics semicon-
ductor devices with engineered electronic and photonic
band-structures have enabled, for example, strongly en-
hanced light-matter interactions for quantum photonics
applications [12, 13]. Semiconductors are also important
in spintronics since they can be made ferromagnetic by
doping with magnetic ions [14] and embrace localized
long-lived electron and hole spins [15–17]. Studying the
interaction between the laser-cooled mechanical modes
and these rich internal degrees of freedom of semicon-
ductors may lead to a variety of new device conceptions
in photonics and spintronics. A theoretical proposal has
been put forward to take advantage of the strong de-
formation potential coupling in semiconductors for cool-
ing mechanical resonators with an embedded quantum
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dot instead of using a cavity [18]. There is also the so-
called optical refrigeration scheme [19], which has been
predicted to work efficiently for semiconductors and to re-
duce the entire lattice temperature down to 10 K, though
no net cooling has yet been observed.
Driven by these attractive features of semiconductors
we have manufactured a 160-nm-thick crystalline gallium
arsenide (GaAs) membrane (see Methods) and investi-
gated its potential for cavity optomechanics. We have
found an extraordinarily large optomechanical coupling
and photo-induced mechanical damping in a simple set-
ting where a standard mirror and the membrane form a
cavity with a finesse of only 10. Here we provide evi-
dence of the first experimental realization of cavity cool-
ing of mechanical modes using internal electronic degrees
of freedom of semiconductors.
The experimental setup and the structure of the fab-
ricated GaAs membrane are summarized in Fig. 1. A
1-mW diode laser (975 nm) is used to probe the mem-
brane oscillations via a beam deflection method with a
two-segment photodiode. By feeding the RF signal from
the photodiode to a spectrum analyzer the mechanical
resonant frequencies can be identified. The frequency
of the fundamental mechanical mode (the (1,1)-mode) is
23.4 kHz (Fig. 2a). The other resonant frequencies ob-
served conform within roughly 10% to a simple model of
the membrane being a taut rectangular drumhead and
the mode shapes are identified by using a laser Doppler
vibrometer with a similar membrane. A Ti:Sapphire laser
providing the opto-mechanical coupling is mode-matched
to the cavity. The ringdown of the mechanical modes is
observed by inducing the oscillations with an intensity-
modulated cavity field (see Methods). Figure 2b shows
the results of the mechanical ringdown indicating that
the damping rate is strongly enhanced by the cavity field
at the wavelength of 810 nm and is linearly proportional
to the cavity input power offset as is expected from the
damping model (see Methods). Also shown is the fre-
quency shift as a result of the cavity field.
2Note that the damping of the mechanical oscillations
can only be observed when the cavity resonant frequency
ΩC/2pi is detuned to the red from the laser frequency
ΩL/2pi, i.e., ΩC < ΩL, as opposed to the case of the cavity
cooling via the radiation pressure [1–3]. Optomechanical
instabilities (mechanical parametric oscillations) [6, 7] set
in when ΩC > ΩL (even for the cavity input power as low
as 5 µW) or when the cavity input power exceeds 50 µW
(regardless of the cavity detuning) preventing us from
using these conditions for the ringdown measurements.
The instabilities with such a small photon number imply
a substantial optomechanical coupling.
To assess the mechanical properties of the membrane
the intrinsic mechanical damping rate Γ0 and the quality
factor Q0 ≡ ω0/Γ0 are inferred by extrapolating the ring-
down data down to zero cavity field (where ω0/2pi ≡ ν0 is
the extrapolated bare resonant frequency). A markedly
high quality factor Q0 = 2.3 × 10
6 is found for the
(3,1)-mode at the frequency of 59.5 kHz (Fig. 2c and
2d). The product Q0ν0 for this particular mode reaches
1.4 × 1011 Hz at room temperature. For GaAs res-
onators such highQ0ν0 products have been only observed
to-date at a cryogenic temperature [20, 21]; although
two orders of magnitude higher value at room tem-
perature has been reported for stressed SiN nanomem-
branes [11]. This observation strongly encourages ongo-
ing efforts to use crystalline semiconductors for nano- and
micro-electromechanics (NEMS and MEMS) [22] and op-
tomechanics [20, 21].
If the damping is not accompanied by any extra fluctu-
ations, i.e., is the cold damping [2], the enhanced damp-
ing also implies cooling. The effective temperature can
then be defined as Teff = T/(Γeff/Γ0) (see Methods).
The ratio of the damping rate at 50 µW (just below the
instability-onset power) to the extrapolated intrinsic one
thus gives the maximum cooling factor Γeff/Γ0 in our set-
ting. From Fig. 2c the cooling factor for the (1,1)-mode
is found to be about 11. For the (3,1)-mode, holding the
highest Q0, the cooling factor is about 75 as shown in
Fig. 2d, meaning that the effective temperature of the
mode is reduced down to as low as 4 K from room tem-
perature.
To prove that the observed damping really means cool-
ing frequency-domain measurements have been also per-
formed. Figure 3a shows the power spectra of the me-
chanical resonances (the (1,1)-mode) for different cavity
input powers. The slight discrepancy between the res-
onant frequencies of ringdown measurements in Fig. 2c
and those in the spectrum in Fig. 3a is attributed to
day-by-day temperature fluctuation (about ± 3◦C). The
area of the resonance, which is proportional to the ef-
fective temperature Teff [4, 8], clearly becomes smaller
as the cavity input power increases. The original area
with no cavity light divided by the reduced area gives
the ratio T/Teff, i.e., the cooling factor. These ratios are
displayed in Fig. 3b for different cavity inputs (purple
circles). The width of the resonance, on the other hand,
reflects the damping rate since it is equal to Γeff/2pi. The
cooling factors obtained from the width measurements
Γeff/Γ0 are shown in Fig. 3b (orange circles) along with
the corresponding cooling factors obtained from the ring-
down measurements (red diamonds). The three methods
agree with each other within a factor of 3 (see Meth-
ods). Note that the similar discrepancy between area
and width measurements has been reported [10].
Further evidence of the cavity cooling is provided by
the dependence of the cooling factor on the cavity de-
tuning (Fig. 3c). In the cold damping scenario the ef-
fective damping rate Γeff is proportional to ∇Fph (see
Methods). Here the slope of the cavity resonance cor-
responds to ∇Fph since Fph is presumably proportional
to the intra-cavity photon number. The red solid line in
Fig. 3c indicates the slope of the cavity resonance, i.e.,
∇Fph. Although the data from the ringdown measure-
ments differ in detail from the expected behavior, it is
evident that the enhancement of damping reflects ∇Fph.
We attribute the observed very efficient cooling to the
effect of above-band-gap photons. Photo-induced elec-
trons in the conduction band (holes in the valence band)
leads to an electronic stress in the lattice through the
deformation potential coupling [23, 24], because the con-
duction band electrons bind the lattice weaker than the
valence band electrons. Growth of the cavity field due to
the membrane motion leads to the photo-induced force
on the membrane in the direction of motion, which is
opposite to the case of radiation pressure. This explains
why the cavity detuning corresponding to cooling in the
present case is opposite to that for radiation pressure
cooling. The electronic stress σel = −B
dEg
dp
per single
electron-hole pair generated by a photon with the en-
ergy E = 1.53 eV (810 nm) can be 100 times larger than
the corresponding thermal stress σth = −B
3β
C
(E − Eg),
where the band gap of GaAs at room temperature is
Eg = 1.43 eV (865 nm) [24]. Here, B is the bulk modulus,
−B
dEg
dp
is the hydrostatic deformation potential, and β
and C denote the thermal expansion coefficient and the
heat capacity, respectively [24]. There is also the piezo-
electric coupling in GaAs, but compared to the deforma-
tion potential coupling its contribution to the cooling is
negligible [25].
The presented optoelectronic cooling mechanism is
supported by the observed dependence of the cooling fac-
tor on the photon energy (wavelength) of the cavity field
in the range from E = 1.53 eV (810 nm) down to 1.40 eV
(884 nm) across the band gap Eg. The results are dis-
played in Fig. 4. Firstly, the cooling factor is essentially
constant from E ≫ Eg to E ∼ Eg. This observation
rules out the possibility of the photo-thermal force being
responsible for the cooling since it explicitly depends on
E − Eg. The fact that the expected stress ratio σth/σel
is, as mentioned above, around 0.01 for E = 1.53 eV
(810 nm) and it drops further as E approaches Eg also
suggests that the contribution of σth to the cooling is
marginal. Secondly, the cooling gradually reduces when
E ∼ Eg and ceases to effect when E < Eg − kBT (kB
3is the Boltzmann constant and kBT ∼ 26 meV at room
temperature), supporting the assertion that the carrier
excitation is responsible for the cooling. Last, but not
least, we find a striking similarity between the trajectory
of the cooling factor in Fig. 4 and the photoconductivity
response of a similar GaAs membrane with an embed-
ded field-effect transistor [26]. The slight decline of the
cooling factor starting around 1.49 eV could be due to
the interaction of the photo-excited carriers with the op-
tical phonons as seen in the photoconductivity measure-
ment [26, 27].
The observed dependencies of ωeff/2pi and Γeff on op-
tical power (Fig.2) can be used to infer τ , the delay time
between the photo-induced force and displacement [8],
which is specific for every cooling mechanism [1–3]. Us-
ing equations ωeff/2pi and Γeff given in the Methods sec-
tion we determine ∇Fph/(mω
2
0) ∼ 0.01 and τ ∼ 10 ns.
This fairly long delay time τ can be backed by the long
(τe ≥ 10 ns) radiative lifetime τe of free excitons in
GaAs [28], though more studies are required to decisively
determine the delay time τ . An outstanding issue is the
onset of the instability just above 50 µW which is un-
expected from the simple model that we use. There are
at least three distinctive time scales involved in the cool-
ing mechanism; the mechanical oscillation time 1/ω0, the
cavity decay time 1/κ, and the delay time τ introduced
by the internal degrees of freedom. This clearly calls for
additional theoretical and experimental work to investi-
gate these effects in the context of cavity optomechanics.
The demonstrated optomechanical coupling is very ef-
ficient. Indeed significant changes in the membrane dy-
namics are observed already with a few microwatts of
the input power corresponding to just 10,000 intracav-
ity photons for our 3-cm cavity. For a 300-µm cavity this
number is down to 100 photons and even this number can
be probably further reduced by a suitable design. Using
a higher finesse cavity with the membrane in the middle,
the optical power can also be considerably reduced.
METHODS
GaAs membrane fabrication. The GaAs mem-
brane is fabricated from a GaAs/AlGaAs heterostruc-
ture wafer comprised of a (100)-oriented GaAs substrate
(350 µm), an Al0.85Ga0.15As etch stop layer (1 µm), and
a GaAs capping layer (160 nm) as shown in Fig. 1b. The
backside of the wafer is patterned by photolithography
and a selective wet etching process using a citric-acid-
based solution is employed to remove the GaAs substrate
in the area selected by the photolithographic pattern.
Finally, another selective wet etching process using hy-
drofluoric acid is used to remove the sacrificial layer, thus
resulting in a 160-nm-thick suspended GaAs membrane
as shown in Figs. 1b and c.
Ringdown measurements. A Ti:sapphire laser
operating in the range from 810 nm to 884 nm is
mode-matched to the cavity inside a vacuum chamber
and is used for both cooling and inducing mechanical
oscillations by modulating the intensity at frequency
ω/2pi around a specific offset level. The cavity length
(∼ 29 mm) can be stabilized to a variable position on
the cavity resonant slope. The RF signal from the
two-segment photodiode and a reference signal at fre-
quency ω/2pi from the signal generator are fed into a
2-phase lock-in amplifier as shown in Fig. 1a. The pro-
duced mixed-down signals xcos and xsin correspond to the
cos(ωt) and sin(ωt) components of the membrane dis-
placement within the bandwidth of dω/2pi = 500 Hz cen-
tred around ω/2pi, and their squared sum corresponds to
|xω|
2dω. For the ringdown measurements a digital oscil-
loscope is used to track the signal |xω |
2dω triggered by a
TTL signal, by which the modulation of the cavity field is
also turned off. The ringdown time of the mechanical os-
cillations is measured starting from the moment when the
modulation is turned off while keeping the offset power
level of the cavity input for cooling.
Cold damping. In the cold damping scenario [2] the
equation of motion for the membrane displacement in
the Fourier space is modified into −ω2xω + iωΓeffxω +
ω2effxω = Fth/m due to the photo-induced force Fph,
where Fth is the thermal Langevin force and m is the
motional mass of the membrane [4, 8]. Here the modi-
fied resonant frequency ωeff/2pi and the effective damping
rate Γeff can be expressed as ω
2
eff = ω
2
0(1−
1
1+ω2
0
τ2
∇Fph
mω2
0
))
and Γeff = Γ0(1 +Q0
ω0τ
1+ω2
0
τ2
∇Fph
mω2
0
), respectively. ∇Fph is
the spatial derivative of Fph introduced by the cavity and
τ is the relevant time lag in the physical mechanism re-
sponsible for these modifications [4, 8]. The effective tem-
perature can then be defined as Teff = T/(Γeff/Γ0) [8].
Time-domain and frequency-domain measure-
ments. Since the mechanical oscillations arise merely
out of the thermal Langevin force Fth for the frequency-
domain measurements the resultant signal-to-noise ratio
is generally worse than the ringdown measurements, for
which the intensity-modulated cavity field can be used
to amplify the oscillations. Note also that sub-Hertz me-
chanical resonances are measured with a spectrum ana-
lyzer with the resolution bandwidth of 1 Hz, which may
contribute to the uncertainty of the determination of the
area and certainly affects the width and height of the res-
onances. Because of these deficiencies of the frequency-
domain measurements, the majority of our measurements
are done in the time-domain method, i.e., the ringdown.
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FIGURE LEGENDS
Figure 1— Experimental setup and structure
of the fabricated GaAs membrane. a, Sketch of the
experimental setup. A standard dielectric concave mir-
ror with the reflectivity of 85% and a fabricated 160-nm-
thick GaAs membrane (see Methods) with the reflectivity
of 75% form a hemispherical cavity with the measured fi-
nesse of 10 in the range of the laser wavelength from
810 nm to 884 nm. The cavity is placed in a vacuum
chamber kept at 10−5 Pa. The cavity length (∼ 29 mm)
can be varied with a piezoelectric transducer (PZT) at-
tached to the end mirror. A Ti:sapphire laser is used as
a cavity input for both cooling and inducing mechanical
oscillations (the beam spot size at the membrane is about
80 µm in radius) by modulating the intensity with a sig-
nal generator and an acousto-optic modulator (AOM). A
diode laser (975 nm) is used to probe the membrane oscil-
lations via a beam deflection method with a two-segment
photodiode. For ringdown measurements a 2-phase lock-
in amplifier is used to produce a signal |xω |
2dω and a
digital oscilloscope is used to track the signal (see Meth-
ods). b, Cross section of the fabricated 160-nm-thick sus-
pended GaAs membrane (see Methods). c, Dimensions
of the membrane.
Figure 2— Ringdown results. a, b, Images of
mode shapes for the fundamental mechanical mode (the
(1,1)-mode) and the (3,1)-mode, respectively. c, d, Ring-
down results with the cavity field at the wavelength of
810 nm for the (1,1)-mode and the (3,1)-mode, respec-
tively. In b and d red and blue diamonds respectively
represent the measured damping rates and the frequen-
cies used to induce the mechanical oscillations. Each
point is the average of 5 identical measurements and the
error bars correspond to one standard deviation. Lines
are produced by the least-square linear fits.
Figure 3— Evidence of cooling. a, Power spectra
of the mechanical resonances (the (1,1)-mode) for dif-
ferent cavity input powers (the cavity field at the wave-
length of 810 nm). b, Cooling factors obtained from the
areas (purple circles) and the widths (orange circles) of
the resonances. The cooling factors obtained from the
5ringdown measurements (shown in Fig. 2b) are also dis-
played with the error bars (red diamonds). Each line is
produced by the least-square linear fit. For fitting the
cooling factors obtained from the widths (orange circles)
the first 4 points are not used since they are limited by
the resolution bandwidth of the spectrum analyzer. c,
Dependence of the cooling factor on the cavity detuning
for the cavity input power of 30 µW. The cavity detuning
is normalized to the cavity bandwidth κ. Red solid line
indicates ∇Fph (see Methods). In b and c black dotted
horizontal lines represent a cooling factor equal to one,
i.e., no-cooling.
Figure 4— Dependence of the cooling factor on
the photon energy of the cavity field. Each point
corresponds to the cooling factor for the (1,1)-mode with
a given intracavity photon number (equal to the num-
ber of 1.53-eV (810-nm) photons inside the cavity for the
input power of 50 µW). Black dotted vertical line indi-
cates the GaAs band gap energy Eg = 1.43 eV (865 nm),
black dotted horizontal line represents a cooling factor
equal to one, i.e., no-cooling. Conceptual illustrations of
a electron-hole pair generation by a photon of the energy
of E > Eg (left) and E < Eg (right) are shown on the
bottom with the band structure.
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